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ABS TRACT 

An a r t i f i c i a l  g r a v i t y  experiment  has  been proposed 
fo r  Skylab B. Two b a l l a s t  masses on deployable  booms have 
been sugges ted  a s  a means of modifying Skylab A ' s  i n e r t i a  
p r o p e r t i e s  t o  l o c a t e  t h e  s tab le  sp in  axis perpendicular t o  
t h e  p l a n a r  s o l a r  a r r a y s .  

A prev ious  s t a b i l i t y  a n a l y s i s  of a r o t a t i n g  space-  
c r a f t  wi th  f l e x i b l e  solar a r r a y s  i n d i c a t e d  t h a t  n o t  on ly  
must r i g i d  body s t a b i l i t y  be  a s s u r e d  b u t  a l s o  t h a t  t h e  space-  
c r a f t  cannot  r o t a t e  f a s t e r  t han  a cer ta in  c r i t i c a l  r a t e .  
T h i s  a n a l y s i s  i s  extended t o  t h e  v e h i c l e  wi th  f l e x i b l e  booms. 
T h i s  case d i f f e r s  from t h e  c a s e  wi th  s o l a r  a r r a y s  because of 
t h e  e f f e c t  of t h e  t e n s i o n  i n  t h e  boom on i t s  s t i f f n e s s .  The 
minimum f i r s t  n a t u r a l  f requency of t h e  boom can 'be  found by 
s o l v i n g  a t r a n s c e n d e n t a l  r e l a t i o n s h i p .  
Skylab B ,  t h e  f i r s t  boom n a t u r a l  f requency must be g r e a t e r  
t h a n  6 1 %  of t h e  s p i n  r a t e  f o r  dynamic s t a b i l i t y .  

For t h e  b a l l a s t e d  
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A r t i f i c i a l  g r a v i t y  would be achieved  du r ing  an expe r i -  
ment w i t h  Skylab B by r o t a t i n g  t h e  s p a c e c r a f t  about  i t s  center 
of m a s s .  Pas s ive  s t a b i l i t y  of a r i g i d  r o t a t i n g  s p a c e c r a f t  i s  
a s s u r e d  only  i f  t h e  s p a c e c r a f t  i s  r o t a t i n g  c o n s t a n t l y  about  i t s  
a x i s  of maximum moment of i n e r t i a .  The Skyiab solar  a r r a y s  
should  be normal t o  t h e  sun l i n e  fo r  maximum e f f i c i e n c y .  There- 
fore ,  t h e  a x i s  of maximum moment of i n e r t i a  of t h e  Skylab should  
c o i n c i d e  w i t h  t h e  s p a c e c r a f t  Z-axis,  which i s  t h e  s o l a r  a r r a y  
normal. 

Shown i n  F igu re  1 is a proposed c o n f i g u r a t i o n  of Sky- 
l a b  [l] which u t i l i z e s  b a l l a s t  masses on o f f s e t  dep loyab le  booms 
t o  a l i g n  t h e  p r i n c i p a l  axes  t o  w i t h i n  4 O  of t h e  s p a c e c r a f t  axes .  
S i n c e  dep loyab le  booms cannot  be  cons idered  r i g i d ,  t h e  p a s s i v e  
s t a b i l i t y  of a r o t a t i n g  s p a c e c r a f t  w i t h  such booms i s  of concern.  
The s t a b i l i t y  c o n d i t i o n s  f o r  an i d e a l i z e d  model of a s p a c e c r a f t  
w i t h  symmetric s o l a r  a r r a y s  i n  asymmetric f l e x u r e  have been 
d e r v i e d  [ 2 ] .  The c o n d i t i o n s  r e q u i r e  t h a t  t h e  a n g u l a r  v e l o c i t y  
vector must c o i n c i d e  w i t h  t he  a x i s  of maximum moment of i n e r t i a  
of t h e  s p a c e c r a f t  and t h a t  t h e  ra te  of r o t a t i o n  must be less 
t h a n  a c e r t a i n  c r i t i c a l  r o t a t i o n  rate.  

F i g u r e  2 shows an i d e a l i z e d  model of t h e  Skylab w i t h  
o f f s e t  booms. The xyz axes a r e  t h e  p r i n c i p a l  axes  of t h e  vehicle 
w i t h  cor responding  moments of i n e r t i a  Ix, Iy, Iz. I t  i s  assumed 
t h a t  t h e  l o w e s t  n a t u r a l  frequency of t h e  booms w i l l  govern t h e  
s t a b i l i t y  of t h e  s p a c e c r a f t  so t h e  Skylab w i t h  t h e  booms removed 
i s  t r e a t e d  as a r i g i d  body. Each boom i s  of l e n g t h  b ,  and i s  
cons ide red  massless, t h e  boom mass be ing  i n c o r p o r a t e d  i n t o  t he  
b a l l a s t  m a s s ,  m ,  and i n t o  t h e  r i g i d  body. T h e  masses are restricq- 
t e d  t o  undergo an t i symmetr ic  d i sp l acemen t s  i n  t h e  z - d i r e c t i o n  only .  
The b a l l a s t  masses and booms are modeled as mass-spring-damper 
systems mounted i n  r i g i d  massless frames. The s p a c e c r a f t  i s  
r o t a t i n g  abou t  i t s  z-ax is  a t  a nominal r o t a t i o n  ra te  ro .  

1 

The l i n e a r i z e d  e q u a t i o n s  of motion f o r  t h i s  model are 
i d e n t i c a l  i n  form t o  t h o s e  of Reference 2.  However, t h e  s t i f f n e s s  K 
of t h e  so l a r  a r r a y s  of Reference 2 i s  c o n s t a n t ,  whereas t h e  t e n s i o n  
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i n  t h e  booms w i l l  i n c r e a s e  t h e i r  e f f e c t i v e  s t i f f n e s s .  F o r  an a x i a l  
load T, t h e  e f f e c t i v e  s t i f f n e s s  of a boom of l e n g t h  b may be w r i t t e n  
a s  [31 

-1 t anh  k )  T 
K = j ; ( l -  k 

2 where k2 = T b  / E I ,  E 1  be ing  t h e  p roduc t  of t h e  Young's modulus and 
t h e  a r e a  moment of i n e r t i a  of t h e  boom. The a x i a l  t e n s i o n  l i n e a r i z e s  

t o  T = m b r o 2  so t h e  squa re  of t h e  f requency  of t h e  boom becomes 

K - - =  
/ A 2 -  P m 

2 2 2  and k = 3r ,  /an , 
a c a n t i l e v e r e d  beam 

-1 t anh  k )  
ro2  (1 - k 

where un2 = 3EI/mb2 i s  t h e  n a t u r a l  f requency 
wi th  mass m a t  i t s  end, which can be  e a s i l y  

o b t a i n e d  from t h e  S t r e n g t h  of Materials l o a d  v e r s u s  d e f l e c t i o n  
r e l a t i o n  [ 41 . 

It i s  p robab le  t h a t  t h e  r o t a t i o n  ra te ,  ro ,  w i l l  be set 

of 

by 
c o n s i d e r a t i o n s  s tch  as d e s i r e d  g - l e v e l s ,  p h y s i o l o g i c a l  factors and- 
s p a c e c r a f t  c o n f i g u r a t i o n .  The re fo re ,  i t  w i l l  be r e q u i r e d  t o  des ign  
t h e  bal las t  booms based  on a g iven  ro  so t h a t  t h e  c o n f i g u r a t i o n  i s  
dynamical ly  s t a b l e .  T o  t h i s  end ,  a minimum 
f requency  of t h e  boom w i l l  be de r ived .  The 
boom n a t u r a l  f requency is ,  from Reference 2 

o r  l i m i t i n g  f irst  n a t u r a l  
l i m i t i n g  c o n d i t i o n  on 

2 ( I ~ - I  )a > I r, Y P  b 

2 where Ib = 2 m b  . The l i m i t i n g  n a t u r a l  f requency ,  wR, i s  j u s t  

I n  Reference  2 t h e  s t i f f n e s s  of t h e  s o l a r  a r r a y  i s  c o n s t a n t  and 
w =u I n  t h i s  problem, a s  w e  have  seen ,  t h e  t e n s i o n  i n  t h e  booms 
i n c r e a s e s  the i r  s t i f f n e s s .  S u b s t i t u t i o n  of t h e  squa re  of s p i n  r a t e ,  
ro2,  y i e l d s  t h e  l i m i t i n g  boom n a t u r a l  f requency:  

P n' 
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w i n  t h e  above e q u a t i o n ,  t h e  fo l lowing  t r a n s -  By l e t t i n g  w = 

c e n d e n t a l  r e l a t i o n s h i p  r e s u l t s :  
11 P 

tanh = 1 + ( I  - Iz) / Ib  
k Y 

2 2  where 
k2 = 3r ,  / u R  

A s o l u t i o n  of t h i s  t r a n s c e n d e n t a l  e q u a t i o n  f o r  k w i l l  g i v e  t h e  
r a t i o  of l i m i t i n g  boom n a t u r a l  f requency  t o  r o t a t i o n  r a t e  throuqh t h e  
above expres s ion  f o r  k. It  i s  emphasized t h a t  ut i s  t h e  l i m i t i n g  
boom n a t u r a l  f requency wi thout  a x i a l  t e n s i o n  P resen t .  F igu re  3 
shows a p l o t  of ( t a n h  k ) /k  vs k which can be used t o  f i n d  approxima.te 
v a l u e s  of r , / w t .  For ( t a n h  k ) /k  < 0 . 4 ,  k > 2.5, and t anh  k can be 
r e p l a c e d  by 1. The l i m i t i n g  boom f i r s t  n a t u r a l  f requency can then  be 
found d i r e c t l y  from 

For t h e  v e h i c l e  shown i n  F i g u r e  1, 

and w = 0 . 6 1  r,. The s t a b i l i t y  a n a l y s i s  t h e r e f o r e  i n d i c a t e s  t h a t  
t h e  bal las t  booms used  t o  modify t h e  Skylab i n e r t i a  p r o p e r t i e s  f o r  
a r t i f i c i a l  g r a v i t y  must have a f i r s t  n a t u r a l  f requency,  g r e a t e r  t h a n  
6 1 %  of t h e  s p i n  ra te  f o r  dynamic s t a b i l i t y .  

R 
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